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Background: Recent studies have demonstrated that microalga has been widely regarded as one of the most
promising raw materials of biofuels. However, lack of an economical, efficient and convenient method to harvest
microalgae is a bottleneck to boost their full-scale application. Many methods of harvesting microalgae, including
mechanical, electrical, biological and chemical based, have been studied to overcome this hurdle.
Results: A new flocculation method induced by decreasing pH value of growth medium was developed for
harvesting freshwater microalgae. The flocculation efficiencies were as high as 90% for Chlorococcum nivale,
Chlorococcum ellipsoideum and Scenedesmus sp. with high biomass concentrations (>1g/L). The optimum
flocculation efficiency was achieved at pH 4.0. The flocculation mechanism could be that the carboxylate ions of
organic matters adhering on microalgal cells accepted protons when pH decreases and the negative charges were
neutralized, resulting in disruption of the dispersing stability of cells and subsequent flocculation of cells. A linear
correlation between biomass concentration and acid dosage was observed. Furthermore, viability of flocculated
cells was determined by Evans Blue assay and few cells were found to be damaged with pH decrease. After
neutralizing pH and adding nutrients to the flocculated medium, microalgae were proved to maintain a similar
growth yield in the flocculated medium comparing with that in the fresh medium. The recycling of medium could
contribute to the economical production from algae to biodiesel.
Conclusions: The study provided an economical, efficient and convenient method to harvest fresh microalgae.
Advantages include capability of treating high cell biomass concentrations (>1g/L), excellent flocculation
efficiencies (≥ 90%), operational simplicity, low cost and recycling of medium. It has shown the potential to
overcome the hurdle of harvesting microalgae to promote full-scale application to biofuels from microalgae.
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Energy is of vital importance to society and human.
Biomass energy, as a green and renewable resource,
has been considered to be one of the best ways to solve
the global energy crisis [1,2]. Microalga is an economical
and potential raw material of biomass energy [3], because
it does not require a large area of land for cultivation,
exhibits short growth period, possesses a high growth rate
and contains more high-lipid materials than food crops
[4-6]. In general, an algal biomass production system
includes growing microalgae in an environment that* Correspondence: tzhangym@gmail.com; tzhangcw@jnu.edu.cn
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reproduction in any medium, provided the orfavors accumulation of target metabolites and recovery
of the microalgal biomass for downstream processing
[7]. However, due to the small size (5~50 μm), negative
surface charge (about −7.5~−40 mV) and low biomass
concentration (0.5~5 g/L) of microalgal cells, harvesting
microalgal biomass from growth medium is a challenge [8],
which accounts for more than 30% of the total production
cost from algae to biodiesel [9,10]. Therefore, it is
necessary to develop effective and economic technologies
for harvesting process.
There are currently several harvesting methods, including
mechanical, electrical, biological and chemical based
[11]. In mechanical based methods, microalgal cells are
harvested by mechanical external forces,such as centrifu-
gation [12], filtration [13], sedimentation [14], dissolved
air flotation [15,16] and usage of attached algae biofilmsThis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
































Chlorococcum nivale (4.17 g/L)
Scenedesmus sp. (6.94 g/L)
Figure 1 Flocculation efficiencies as a function of pH values
for microalgae.
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methods are based on electrophoresis of the algae cells
[19,20]. Because of the negative charge of microalgae cells,
they can be concentrated by being moved in an electric
field [16,21]. Biological based methods are flocculation
caused by extracellular polymeric substance such as
polysaccharides and proteins, originating from microalgae
and microorganism [22]. Chemical based methods mainly
refer to chemical flocculation induced by inorganic and
organic flocculants. Electrolytes and synthetic polymers
are typically utilized [23].
Either physical external forces or chemical flocculantshave
been employed in the aforementioned harvesting methods.
A few other researchers harvested microalgae by regulating
the properties of growth medium. Yahi [24], Vandamme
[25] and our previous work [26] have reported that
increasing pH value of growth medium induced the
hydrolysis of multivalence metallic ions in the growth
medium to form metallic hydroxide precipitate, which
coagulated microalgal cells by sweeping flocculation and
charge neutralization. However, harvesting microalgae via
regulating the properties of microalgal cells has not been
reported. Microalgal cells receive their charge and exhibit
dispersing stability from ionization of certain functional
groups, such as carboxyl groups on their cell surface [27].
The ionization of functional groups is highly pH-dependent
and pH variation has a significant effect on the physico-
chemical properties of algal cells. To be specific, if acid is
added to decrease pH values, carboxylate ions may receive
protons and change into neutral carboxyl groups. In this
case, the negative charge of cells may be neutralized, their
dispersing stability may be destroyed and subsequently
they may agglomerate and settle.
In this study, the efficiency of the flocculation method
induced by decreasing pH was evaluated. The effects
of key factors including pH, biomass concentration,
concentration of metal ions and concentration of released
polysaccharide (RPS) that might affect the flocculation
efficiency were examined. The detailed mechanism was
discussed. The relationship between biomass concentration
and acid dosage was studied. The recycling of the floccu-
lated growth medium for cultivation was also investigated.
Results and discussion
Flocculation of microalgal cells by pH decrease
Flocculation efficiencies for the three species of freshwater
microalgal cells were studied in terms of pH variations
(Figure 1). The microalgal cells began to coagulate when
the pH decreased from pH 6.7 to about 5.0 Coagulating
of algal cells could still be observed when pH further
decreased to 4.5, but the coagulated cells remained
suspended in the growth medium. The flocculation effi-
ciencies were relatively low. When the pH value was
further decreased to pH 4.0, the cells further coagulatedand rapidly subsided within a few minutes, resulting in a
higher flocculation efficiencies of 90%. Thus, a flocculation
zone was attained when pH was lower than 5.0. The
efficiencies reached a maximum at about pH 4.0 and then
reached a plateau, with a slight decrease when pH was
lower than 2.0. These results showed that flocculation
induced by pH decrease is a useful method to harvest
the three species of freshwater microalgae. Moreover,
the biomass concentrations (>1g/L) in this method were
much higher those [23,28] in other harvesting methods
(Additional file 1: Table S1). For example, it is 20 times
higher than those flocculated using cationic starch [28]
and FeCl3 [29], and about 10 times higher than that
flocculated using poly(γ-glutamic acid) [23], indicating
that it could be applied to practical uses.Mechanisms of flocculation
Role of metal ions in flocculation process
Earlier studies [25,26,30] reported that multivalent metal
ions such as Mg2+ and Ca2+ played an important role in
flocculating microalgae by pH increase. It was found that
such metal ions in the growth medium were hydrolyzed
to form positive precipitates, which coagulated negative
microalgal cells by sweeping flocculation and charge
neutralization. To evaluate the role of multivalent
metal ions in flocculation induced by pH decrease,
their concentrations before and after flocculation for
the three microalgae species were measured (Additional
file 2: Table S2). Fe3+, Mg2+ and Ca2+ concentrations kept
constant before and after flocculation. It suggested that in
contrast to the important role of multivalent metal ions in
the flocculation by pH increase, they played little part in
this flocculation method by pH decrease.
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It has been reported that many microalgae release large
amount of RPS during growth [31], and most RPS can
interfere with flocculation due to their complexation
with multivalent metal ions [26,32]. However, some RPS
are helpful to flocculation owing to the bridging mechanism
[33,34]. All of the studied microalgae here released large
amount of RPS which was measured and listed in
Additional file 3: Table S3. In order to investigate whether
RPS was a promoter or hindrance to this flocculation
process, the flocculation efficiencies for microalgae were
studied in terms of RPS dosages. The presence of RPS
caused negligible changes in the flocculation efficiencies
for the three microalgae species, suggesting that RPS has
little influence (neither a promoter nor a hindrance) on
this flocculation process (Figure 2). As the detrimental
effect of RPS on microalgal flocculation result from the
complexation of RPS with multivalent metal ions, the
little influence of RPS on flocculation efficiencies further
testified that multivalent metal ions played little part in
this flocculation process.Mechanism of flocculation
As metal ions and RPS played little part in the flocculation
process, mechanism of flocculation might be with the
physical-chemical properties of microalgal cells. The most
important characteristic of microalgal cells is their surface
charge [27]. Thus, zeta potentials of microalgae during
flocculation were determined to explore the mechanism.
Zeta potentials and flocculation efficiencies were both
pH dependant (Figure 3). From pH 6.5 to 4.0, zeta
potentials showed a sharp increase to approximately 0 mV
and the corresponding flocculation efficiencies greatly
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Chlorococcum nivale (3.70 g/L)
Chlorococcum ellipsoideum (3.29 g/L)
Scenedesmus sp. (4.38 g/L)
Figure 2 Flocculation tests of microalgae at pH 4.0 in
microalgal cultures containing various concentrations of RPS.It has been reported that organic matters adhering on
microalgal cell surfaces contain carboxyl groups and amino
groups. The amounts of the groups and their pKa values
were calculated and listed in Additional file 4: Table S4
The cells usually receive their charge and exhibit dispersing
stability from ionization of carboxyl groups into carboxylate
ions [27]. The concentrations of the functional groups as a
function of pH value were calculated (Additional file 5:
Figure S1). For pH>6.0, the microalgae surface charge is
dominated by negatively charged carboxylate ions and
neutral amine groups. As pH decreased, carboxylate
ions would accept protons [Eq. (1)] [29]. Then, the
surface charge of the cells reduced and the cells
became instable in growth medium and coagulated to
form big flocs. When the surface charge was totally
neutralized at pH 4.0, flocculation efficiencies reached
the maximum.
However, from pH 4.0 to 1.5, zeta potentials continuously
increased while the corresponding flocculation efficiencies
slightly decreased. It might be because that the concentra-
tions of the neutral carboxyl groups increased sharply
while the concentrations of the positively charged amine
groups (−NH3
+) remained constant [Eq. (2)]. This caused
the zeta potential increasing, and the positive surface
charge made the microalgal cells resuspend so flocculation
efficiencies slightly decreased.
The above proposed mechanism involved only protons
and functional groups. But, growth medium also contains
large amounts of metal salts and extracellular organic
matter (EOM). The contributions of metal salts and EOM
to the mechanism were evaluated. The average zeta
potentials and flocculation efficiencies in deionized water
as a function of pH value were also shown in Figure 3.
Compared with those in growth medium, the variation
trends of zeta potentials and flocculation efficiencies were
extremely similar. From pH 6.5 to 1.5, zeta potentials
continuously increased but flocculation efficiencies firstly
increased then decreased. pH 4.0 was the transiting point,
at which flocculation efficiencies reached peak and the cells
were electrically neutral. The results further confirmed that
flocculation was induced only by neutralizing cells surface
charges with protons while metal salts and EOM had no
contribution to the mechanism.
−OOC ‐ cell ‐NH2 þHþ→HOOC ‐ cell ‐NH2 ð1Þ
HOOC− cell−NH2 þHþ→HOOC− cell−NH3þ ð2Þ
Flocculation dependence on microalgae biomass
concentration
In our previous report [26], microalgae biomass concentra-



































































































































Figure 3 Zeta potentials and flocculation efficiencies as function of pH values of growth medium and deionized water:
a) Chlorococcum nivale (3.02 g/L); b) Chlorococcum ellipsoideum (3.26 g/L); c) Scenedesmus sp. (4.32 g/L).
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http://www.biotechnologyforbiofuels.com/content/6/1/98by pH increase and the efficiencies decreased considerably
with the increase of biomass concentrations. However, in
this study, the flocculation efficiencies at the same pH value
for the microalgae were all increased with the increase
of biomass concentrations (Figure 4). Low biomass con-
centrations correspond to lag phase, while high biomassconcentrations correspond to exponential growth phase
and stationary phase. During lag phase, microalgae are
unicells. But during exponential growth phase and
stationary phase, microalgal cells usually coagulate by
threes and fours to form cell clusters. As the surface





































































































Figure 4 Flocculation efficiencies of microalgae with different
biomass concentrations as a function of pH values. a) Chlorococcum
nivale; b) Chlorococcum ellipsoideum; c) Scenedesmus sp.
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(Figure 5). So, the flocculation efficiencies increased
with the increase of biomass concentrations.
Relationship between biomass concentration and amount
of HNO3
As mentioned above, flocculation efficiencies for the three
microalgae species were increased with the increase of
biomass concentrations. However, the minimum dosages
of HNO3 resulting in the same flocculation efficiencies
also rose accordingly. Hence, the biomass concentration is
a very important parameter affecting the optimal dosage
of HNO3. Experiments were run at different biomass
concentrations to determine the correlation between
biomass concentration and HNO3 dosage (Figure 6). A
linear correlation was thus observed, which was expressed
by the following equations [Eqs. (3), (4) and (5) for
Chlorococcum nivale and Chlorococcum ellipsoideum and
Scenedesmus sp.] Hence, in practical uses, acid dosage
needed for flocculating microalgae can be calculated
according to biomass concentration and their relationship.
MHNO3 ¼ 0:0407 Alga½  þ 0:172 ð3Þ
MHNO3 ¼ 0:0414 Alga½  þ 0:1759 ð4Þ
MHNO3 ¼ 0:0457 Alga½  þ 0:2137 ð5Þ
Cells viability during pH decrease process
Viability of microalgal cells was determined by the Evans
blue assay and the cells seemed to be very resistant to
relatively low pH values (6.0-3.0). A positive control is
also provided. As shown in Figures 7a, 7b and 7c, the
controlled cells are light green and the yellow liquid in
the cells can be seen clearly. However, for the cells
heated at 121 in Figures 7d, 7e and 7f, the dead cells
(solid arrows) are dark green which were dyed by Evans
blue and the yellow liquid in the cells are not visible.
While the alive cells (dash arrows) are light green and
similar to the cells shown in Figures 7a, 7b and 7c. As
for the cells flocculated by adjusting pH value of growth
medium to 0.5 with nitric acid (Figure 7g, 7h and 7i),
the dead cell nuclei turned black, the cytoplasm turned
green-yellow and the materials surrounding the cells
were dyed blue . The cells flocculated by adjusting pH
value of growth medium to 3.5 in Figures 7j, 7k and 7l,
are similar to the controlled cells in Figure 7a, 7b and
7c, except that few cells were dyed blue. The above
results indicated there were no cell lysis and the cell
walls were intact. Thus, the cells were not damaged during
the process of pH decreasing to 3.5.
Figure 5 Schematic diagram of the possible mechanisms during flocculation process in different growth stages of microalgae. a) early
growth stage; b) exponential growth phase and stationary phase.
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Ideally, medium recovered from flocculation could be
recycled for next cultivation. The problem with medium
recycling is that residual flocculant such as ferric salts
and aluminum salts can cause contamination, which
eventually cause environmental problems and a great
loss of water [35]. However, in this flocculation method
induced by pH decrease, since no flocculants were used
and the medium was not contaminated, the growth
medium after flocculation might be recycled by neutralizing
pH and then adding nutrients. The product of neutralizing
pH of flocculated BG-11 medium with NaOH was NaNO3,
which was a necessary nutrient. So, the recycling of
flocculated medium could minimize the cost of nutrients
and demand for water. In this respect, the possibility of
recycling the flocculated medium was examined. Some
microalgal cells flocculated were cultivated in the recycled
culture solution and the biomass as a function of growth
phase was shown in Figure 8. It was observed that the
biomass of each microalgal species cultivated in the
recycled growth medium was close to that cultivated in
the fresh medium, indicating the flocculated medium
could be successfully recycled for cultivation. The fact that
the flocculated microalgal cells could be recultivated
further suggested that there was no cell lysis during the
flocculation process and the molecular function and struc-
ture of the photosynthetic apparatus were not affected.Comparison with other harvesting methods
The flocculation method presented here is simple and
effective. The traditional harvesting methods, such as
ultrasound, flotation, centrifugation and filtration, were
also successfully applied to a range of microalgal species.But they are energy-intensive and cost-intensive [36].
Moreover, microalgae can also be harvested by using
flocculants, including inorganic and organic flocculants.
Inorganic flocculants such as aluminum salts, ferric salts
and zinc salts were often used, but caused an environmental
problem and a great loss of water due to the contamination
of residual inorganic flocculants. Organic flocculants, such
as cationic polyacrylamide, cationic starch and chitosan,
are biodegradable and low toxic [37], but are of high cost
owing to their high prices ($US10 per kilogram for
chitosan and $US 1~3 per kilogram for cationic starch
[28]). In this study, microalgae were flocculated induced
by HNO3. In contrast, HNO3, is inexpensive and about
$US 0.28 per kilogram. And what’s more, HNO3 does
not contaminate growth medium, which can be recycled
to reduce not only the cost and the demand for water,
but also the extra operational costs for reusing growth
medium. Additionally, comparison of the cost of cultivation
and flocculation for per kilogram microalgae has been
listed in Additional file 6: Table S5. Thereby this method
is helpful to lower the production cost from algae to
biodiesel.Conclusions
A flocculation method induced by pH decrease was
developed for harvesting freshwater microalgae. Advan-
tages include capability of treating high cell biomass
concentrations (> 1g/L), excellent flocculation efficien-
cies ( ≥ 90%), operational simplicity, low cost and
recycling of medium. So the method could contribute
to the economical production from algae to biodiesel.
The mechanism could be that carboxylate ions of
organic matters adhering on cells accepted protons















































































Figure 6 Minimum amounts of HNO3 needed for 90% flocculation efficiencies as function of biomass concentrations. a) Chlorococcum
nivale; b) Chlorococcum ellipsoideum; c) Scenedesmus sp.
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Figure 7 Microscopic pictures of microalgal cells: controlled cells: a) Chlorococcum nivale; b) Chlorococcum ellipsoideum; c) Scenedesmus
sp.; cells heated at 121 and incubated in 1% Evans’ blue solution for 3 h: d) Chlorococcum nivale; e) Chlorococcum ellipsoideum;
f) Scenedesmus sp.; cells flocculated by adjusting pH value of growth medium to 0.5 with nitric acid and incubated in 1% Evans’ blue
solution for 3 h: g) Chlorococcum nivale; h) Chlorococcum ellipsoideum; i) Scenedesmus sp.; cells flocculated by adjusting pH value of growth
medium to 3.5 with nitric acid and incubated in 1% Evans’ blue solution for 3 h: j) Chlorococcum nivale; k) Chlorococcum ellipsoideum;
l) Scenedesmus sp.
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ized and then the dispersing stabilities of cells were
destroyed. A linear correlation between biomass con-
centration and acid dosage was also observed. Further
work is required to evaluate the application of such a
method to the marine microalgae.
Methods
Microalgal strains and culture condition
Chlorococcum nivale UTEX2765, Chlorococcum ellipsoideum
UTEX 972 and Scenedesmus sp. JNU-49 were used in this
study. All strains were kindly supplied by Laboratory of
Microalgal Bioenergy & Biotechnology, Research Center
of Hydrobiology at Jinan University. The microalgal cells
are all spherical and the average diameters are 6.2±1.17
μm (Chlorococcum nivale), 8.5±1.43 μm (Chlorococcum
ellipsoideum) and 7.7±0.80 μm (Scenedesmus sp.),respectively. All algae were grown in a BG-11 medium
containing the following components: NaNO3 (1.5g L
−1) ;
K2HPO4·3H2O (40mg L
−1) ; MgSO4·7H2O (75 mg L
−1) ;
CaCl2·2H2O (36 mg L
−1) ; Na2CO3 (20 mg L
−1);
FeCl3·6H2O (3.15 mg L
−1) ; citric acid (6 mg L−1) and 1 ml
of microelements composed of H3BO3 (2.86 mg L
−1),
MnCl2·4H2O (1.81 mg L
−1), ZnSO4·7H2O (0.22 mg L
−1),
Na2MoO4·2H2O (0.39 mg L
−1),CuSO4·5H2O (0.08 mg L
−1),
Co(NO3)2·6H2O (0.05 mg L
−1) in 1000 ml acidified water
which included 1 ml concentrated H2SO4 in 1 L distilled
water.
All the microalgae were grown in a 210 mL glass column
photobioreactor (Φ3.5×60 cm). Both the BG-11 medium
and glass column photobioreactors were sterilized at 121°C
for 20 min. The cultures were incubated at 25°C and
illuminated using cool-white fluorescent lamps for 24h.




























Figure 8 Growth curves of microalgae: fresh medium (filled
points); flocculated medium (empty points).
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The cultures were continuously aerated by bubbling air
containing 1% CO2 (v/v).
Determination of dry weight
Algae biomass concentrations reported in this study are
expressed by algal dry weight. Dry weight was determined
by filtering a fixed volume of the algae suspension through
a pre-weighed filter with a 0.45 μm porous membrane.
Then the filter and algal cells were dried at 105°C for 48 h.
Finally, the algal dry weight was calculated by subtracting
the mass of the filter from the total mass.
Flocculation by pH decrease
Flocculation experiments were all run with small volumes
of medium (20 mL) distributed in cylindrical glass tubes
(40 mL). The pH value of each sample was gradually
adjusted by addition of 1M HNO3. The glass tube was
vortexed thoroughly for 30 s as soon as the pH had been
adjusted and allowed to stand at room temperature for
15 min. Then an aliquot of medium was pipetted and
used to measure OD750 (optical density at the wavelength
of 750 nm).
Determination of flocculation efficiency
The flocculation efficiency of each sample was calculated
according to following equation:
flocculation efficiency %ð Þ ¼ 1−A=Bð Þ  100
Where A is the OD750 of sample and B is the OD750 of
the reference.Zeta potential
A Malvern Zetasizer 2000HSA (Malvern, UK) was utilized
to determine the zeta potentials of the system. The zeta
potentials of microalgal cells in original growth medium
and in deionized water were both measured within a pH
range of 1.5~6.0 by adding 1M HNO3. Microalgal cells
in deionized water were prepared by isolating cells from
the growth medium via centrifugation, washing and
resuspending cells in deionized water. 1.0mL suspension
was pipetted into a cuvette and inserted into the units
for zeta potential. Zeta potential was performed in
triplicate at room temperature and the average values
were then taken into account.
Role of RPS in flocculation process
The microalgal cells were removed by centrifugation for
the purpose of preparing corresponding media containing
various concentrations of RPS. The supernatant was
filtered through a 0.45 μm porous membrane, followed by
a 0.22 μm porous membrane. The filtered supernatant
was dialysed against distilled water for 72 h and the
dialysed RPS solution was used as stock solution. RPS
solution was measured by the phenol-sulfuric acid method
[38], using glucose as a standard. To prepare microalgal
culture in corresponding media containing various concen-
trations of RPS, microalgal cells were collected via centrifu-
gation and washed twice with deionized water, and
then the cells were resuspended in the growth medium
containing various concentrations of RPS which was
prepared by diluting the above RPS stock solution with
growth medium.
The comparative coagulation tests were performed using
microalgal cultures in corresponding media containing
various concentrations of RPS so as to investigate the effect
of RPS on the flocculation process. The role of RPS was
assessed by difference of flocculation efficiency in the
presence of various concentrations of RPS compared to
that in their absence.
Viability assay of cells
The viability of cells was tested using 1% Evans Blue dye,
which is excluded by viable cells [39]. 1 mL samples of
each flocculated medium (after being flocculated via
reducing pH of growth medium to desired value at for 2 h)
were centrifuged and the supernatant was discarded.
Then 100 μL of 1% Evans blue solution was added, and
the cells were incubated for 3 h at room temperature.
Next, the cells were washed twice using deionized water
to remove excessive and unbound dye. Finally, fresh
preparations of the centrifuged samples were examined
for the viability by an optical microscope. As Evans blue
solution diffused in the protoplasm region and stained
the cells blue, and cells with broken cell walls appeared
blue.
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The flocs and the growth medium were separated after
flocculation. The pH of remaining culture medium, named
the flocculated medium, was adjusted back to the pH before
flocculation by adding the necessary amount of 1M NaOH.
After that, nutrients such as K2HPO4·3H2O (40mg L
−1),
MgSO4·7H2O (75 mg L
−1), CaCl2·2H2O (36 mg L
−1),
Na2CO3 (20 mg L
−1), FeCl3·6H2O (3.15 mg L
−1), citric
acid (6 mg L−1) and 1 ml of microelements in 1L treated
medium, were also added to the flocculated medium.
Microalage were cultivated in the fresh medium and the
flocculated medium. Comparation of the biomass concen-
tration as a function of growth phase was investigated.
Other equipments
OD750 was measured using a Lambda 45 UV–vis
spectrometer (Perkin-Elmer Intruments). Microalgal
cells were obtained and sized on an optical microscope
(OLYMPUS CX41RF) using a scale graticule. The con-
centrations of the metal ions in the growth media were
determined using inductively coupled-atomic emission
spectrometry (ICP-AES).
Additional files
Additional file 1: Table S1. Comparison of the biomass concentrations
for different methods.
Additional file 2: Table S2. Concentrations of metal ions: Fe3+, Mg2+
and Ca2+ (mg/L) in the growth medium before and after flocculation
(pH 4.0) for the three microalgae species.
Additional file 3: Table S3. The released amounts of RPS for all the
studied microalgae in different growth stage.
Additional file 4: Table S4. pKa values and associated functional
groups for the studied microalgae.
Additional file 5: Figure S1. Concentrations of the functional groups on
microalgae surface as a function of pH values: a) Chlorococcum nivale (2.07
g/L); b) Chlorococcum ellipsoideum (1.97 g/L); c) Scenedesmus sp. (2.40 g/L).
Additional file 6: Table S5. Comparison of the cost of cultivation and




The authors declare that they have no competing interests.
Authors’ contributions
YZ, YZ, AL, MS and CZ conceived of the study. JL, YZ, YZ, AL and CZ drafted
the manuscript. JL and TL carried out microalgal cultivation and evaluated
the recycling of flocculated medium. JL and YT carried out all the
flocculation experiments and mechanism study. “All authors read and
approved the final manuscript”.
Acknowledgements
This research was fully supported by the grant from Natural Science
Foundation of Guangdong (No.S2011040001667), Foundation for
Distinguished Young Talents in Higher Education of Guangdong (LYM11025),
Fundamental Research Funds for the Central Universities (No. 21612403),
National Natural Science Foundation (41206127) and the National High
Technology Research and Development Program of China (863 Program)
(No. 2013AA065805).Received: 24 February 2013 Accepted: 5 July 2013
Published: 9 July 2013
References
1. Chisti Y: Biodiesel from microalgae. Biotechnol Adv 2007, 25:294–306.
2. Lei A, Chen H, Shen G, Hu Z, Chen L, Wang J: Expression of fatty acid
synthesis genes and fatty acid accumulation in Haematococcus pluvialis
under different stressors. Biotechnol Biofuels 2012, 5:18.
3. Pereira H, Barreira L, Mozes A, Florindo C, Polo C, Duarte CV, Custódio L,
Varela J: Microplate-based high throughput screening procedure for the
isolation of lipid-rich marine microalgae. Biotechnol Biofuels 2011, 4:61.
4. Weyer K, Bush D, Darzins A, Willson B: Theoretical Maximum Algal Oil
Production. Bioenerg Res 2009, 3:204–213.
5. Chen W, Zhang C, Song L, Sommerfeld M, Hu Q: A high throughput Nile
red method for quantitative measurement of neutral lipids in
microalgae. J Microbiol Methods 2009, 77:41–47.
6. Lakaniemi A-M, Hulatt CJ, Thomas DN, Tuovinen OH, Puhakka JA: Biogenic
hydrogen and methane production from Chlorella vulgaris and
Dunaliella tertiolecta biomass. Biotechnol Biofuels 2011, 4:34.
7. Cheng Y-S, Zheng Y, Labavitch J, VanderGheynst J: The impact of cell wall
carbohydrate composition on the chitosan flocculation of Chlorella.
Process Biochem 2011, 46:1927–1933.
8. Garzon-Sanabria AJ, Davis RT, Nikolov ZL: Harvesting Nannochloris oculata
by inorganic electrolyte flocculation: effect of initial cell density, ionic
strength, coagulant dosage, and media pH. Bioresource Technol 2012,
118:418–424.
9. Zittelli GC, Tredici M, Rodolfi L, Biondi N: Productivity and photosynthetic
efficiency of outdoor cultures of Tetraselmis suecica in annular columns.
Aquaculture 2006, 261:932–943.
10. Horiuchi J, Ohba I, Tada K, Kobayashi M, Kanno T, Kishimoto M: Effective
Cell Harvesting of the Halotolerant Microalga Dunaliella tertiolecta with
pH Control. J Biosci Bioeng 2003, 95:412–415.
11. Christenson L, Sims R: Production and harvesting of microalgae for wastewater
treatment, biofuels, and bioproducts. Biotechnol Adv 2011, 29:686–702.
12. Shelef G, Sukenik A, Green M: Microalgae harvesting and processing: a
literaturex review. Haifa (Israel): Technion Research and Development
Foundation Ltd; 1984.
13. Vonshak A, Richmond A: Mass production of the blue-greenalga Spirulina:
An overview. Biomass 1988, 15:233–247.
14. Shen Y, Yuan W, Pei Z, Wu Q, Mao E: Microalgae mass production
methods. Trans ASABE 2009, 52:1275–1287.
15. Greenwell HC, Laurens LM, Shields RJ, Lovitt RW, Flynn KJ: Placing
microalgae on the biofuels priority list: a review of the technological
challenges. J R Soc Interface 2010, 7:703–726.
16. Zhang X, Amendola P, Hewson JC, Sommerfeld M, Hu Q: Influence of
growth phase on harvesting of Chlorella zofingiensis by dissolved air
flotation. Bioresource Technol 2012, 116:477–484.
17. Johnson MB, Wen Z: Development of an attached microalgal growth
system for biofuel production. Appl Microbiol Biotechnol 2010, 85:525–534.
18. Zhang X, Hu Q, Sommerfeld M, Puruhito E, Chen Y: Harvesting algal
biomass for biofuels using ultrafiltration membranes. Bioresour Technol
2010, 101:5297–5304.
19. Sridhar P, Namasivayam C, Prabhakaran G: Algae flocculation in reservoir
water. Biotechnol Bioeng 1988, 32:345–347.
20. Vandamme D, Pontes SCV, Goiris K, Foubert I, Pinoy LJJ, Muylaert K:
Evaluation of electro-coagulation–flocculation for harvesting marine and
freshwater microalgae. Biotechnol Bioeng 2011, 108:2320–2329.
21. Kumar HD, Yadava PK, Gaur JP: Electrical flocculation of the unicellular
green alga Chlorella vulgaris Beijerinck. Aquat Bot 1981, 11:187–195.
22. Nie M, Yin X, Jia J, Wang Y, Liu S, Shen Q, Li P, Wang Z: Production of a
novel bioflocculant MNXY1 by Klebsiella pneumoniae strain NY1 and
application in precipitation of cyanobacteria and municipal wastewater
treatment. J Appl Microbiol 2011, 111:547–558.
23. Zheng H, Gao Z, Yin J, Tang X, Ji X, Huang H: Harvesting of microalgae by
flocculation with poly (gamma-glutamic acid). Bioresource Technol 2012,
112:212–220.
24. Yahi H, Elmaleh S, Coma J: Algal flocculation-sedimentation by pH
increase in a continuous reactor. Water Sci Technol 1994, 30:259–267.
25. Vandamme D, Foubert I, Fraeye I, Meesschaert B, Muylaert K: Flocculation
of Chlorella vulgaris induced by high pH: role of magnesium and
calcium and practical implications. Bioresource Technol 2012, 105:114–119.
Liu et al. Biotechnology for Biofuels 2013, 6:98 Page 11 of 11
http://www.biotechnologyforbiofuels.com/content/6/1/9826. Wu Z, Zhu Y, Zhang Y, Zhang C, Huang W, Li T, Li A: Evaluation of
flocculation induced by pH increase for harvesting microalgae and reuse
of flocculated medium. Bioresource Technol 2012, 110:496–502.
27. Hadjoudja S, Deluchat V, Baudu M: Cell surface characterisation of
Microcystis aeruginosa and Chlorella vulgaris. J Colloid Interface Sci 2010,
342:293–299.
28. Vandamme D, Foubert I, Meesschaert B, Muylaert K: Flocculation of
microalgae using cationic starch. J Appl Phycol 2009, 22:525–530.
29. Wyatt NB, Gloe LM, Brady PV, Hewson JC, Grillet AM, Hankins MG, Pohl PI:
Critical conditions for ferric chloride-induced flocculation of freshwater
algae. Biotechnol Bioeng 2012, 109:493–501.
30. Sukenik A, Shelef G: Algal autoflocculation—verification and proposed
mechanism. Biotechnol Bioeng 1984, 26:142–147.
31. Morineau-Thomas O, Jaouen P, Legentilhomme P: The role of
exopolysaccharides in fouling phenomenon during ultrafiltration of
microalgae (Chlorellasp. and Porphyridium purpureum): advantage of a
swirling decaying flow. Bioproc Biosyst Eng 2002, 25:35–42.
32. Chen L, Li P, Liu Z, Jiao Q: The released polysaccharide of the
cyanobacterium Aphanothece halophytica inhibits flocculation of the
alga with ferric chloride. J Appl Phycol 2008, 21:327–331.
33. Passow U, Alldredge AL: Aggregation of a diatom bloom in a mesocosm
the role of transparent exopolymer particles (TEP). Deep-Sea Res Pt II 1995,
42:99–109.
34. Shipina OV, Roseb PD, Meiringa PGJ: Microbial processes underlying the
PETRO concept (trickling filter variant). Water Res 1999, 33:1645–1651.
35. Divakaran R, Pillai VNS: Flocculation of algae using chitosan. J Appl Phycol
2002, 14:419–422.
36. Brennan L, Owende P: Biofuels from microalgae—A review of
technologies for production, processing, and extractions of biofuels and
co-products. Renew Sust Energ Rev 2010, 14:557–577.
37. Jančula D, Maršálková E, Maršálek B: Organic flocculants for the removal of
phytoplankton biomass. Aquacult Int 2011, 19:1207–1216.
38. DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F: Colorimetric Method
for Determination of Sugars and Related Substances. Anal Chem 1956,
28:350–356.
39. Papazi A, Makridis P, Divanach P: Harvesting Chlorella minutissima using
cell coagulants. J Appl Phycol 2009, 22:349–355.
doi:10.1186/1754-6834-6-98
Cite this article as: Liu et al.: Freshwater microalgae harvested via
flocculation induced by pH decrease. Biotechnology for Biofuels 2013 6:98.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
